Purpose This study retrospectively evaluated the clinical outcomes and complications of proton beam therapy (PBT) in a single institution in Korea and quantitatively analyzed the change in tumor volume after PBT using magnetic resonance imaging (MRI).
Introduction
Choroidal melanoma is the most common primary intraocular malignancy, with an incidence of 1.3-8.6 cases per one million individuals in Western countries [1, 2] . Since eyeballconserving treatments such as proton beam therapy (PBT) or plaque therapy were revealed to be effective for the treatment of choroidal melanoma in the Collaborative Ocular Melanoma Study (COMS), enucleation is no longer a firstline standard treatment [3] [4] [5] [6] [7] .
The annual incidence rate of choroidal melanoma in Asia was 0.25 cases per one million individuals, which was lower than that in Western countries, and thus the research on this neoplasm is limited [8, 9] . The prognosis of choroidal melanoma is poorer in Asian populations, with epithelioid cell-type melanomas more common than in Caucasian populations [9, 10] . However, two studies reported that the outcome of choroidal melanoma patients treated with plaque therapy was comparable to the outcome of those in a previous plaque therapy-treated Western series [11, 12] . In addition, in a Japanese phase I/II trial of carbon ion radiotherapy (RT) for choroidal melanoma, an excellent local control rate comparable to that of PBT was reported [13] , and the updated long-term results were released recently [14] .
Unlike other malignancies, there is skepticism regarding the use of biopsy at diagnosis or upon suspicion of local progression. In addition, delayed regression or pseudo-progression after eyeball-conserving treatment renders the decisionmaking associated with local tumor progression more difficult; inappropriate enucleation occurs in up to 40% of patients [15] . Although several investigators recently evaluated the kinetics of choroidal melanoma after eyeball-sparing treatment [15, 16] , quantitative details regarding the change in tumor volume after eyeball-conserving treatment for choroidal melanoma are still limited.
In this retrospective study, we evaluated the clinical outcomes and toxicities of PBT at a single institution in Korea. We also quantitatively analyzed the change in tumor volume after PBT using orbital magnetic resonance image (MRI).
Materials and Methods

Patients
A total of 24 treatment-naïve patients were treated with PBT for choroidal melanoma between 2009 and 2015. As one of the eye conserving treatment modalities, PBT is not recommended to patients who are likely to undergo enucleation after treatment due to complication, especially neoavascular glaucoma (NVG) [17] . Thus, the selection criteria for PBT for choroidal melanoma were as follows: no distant metastasis, tumor diameter  24 mm, tumor height  14 mm, tumor volume < 30% of the ocular volume, and no full retinal detachment. These criteria are designed to minimize side effects and to achieve therapeutic effects. Similar criteria have been used in previous studies [7, 13, 18, 19] . Ophthalmologic and systemic work-ups were performed to diagnose choroidal melanoma. The ophthalmologic work-up consisted of a slitlamp examination, indirect fundoscopy, ultrasonography (USG), fluorescein angiography, and orbit MRI followed by a systemic work-up of the liver using computed tomography (CT) or 18-fluorodeoxyglucose positron emission tomography.
PBT planning
After a pretreatment work-up, patients were transferred to a retina specialist for surgery to demarcate the tumor boundary using four tantalum markers. Orthogonal pairs of orbital X-ray radiographs were captured with the patient in the sitting position on a dedicated chair using a bite-block and facial mask while maintaining a straight gaze during simulation. The tantalum clips in the X-ray images were localized and analyzed in VIVA systems (Varian Medical Systems, Palo Alto, CA). Then, eyeball biometry data were acquired from the ophthalmologist, and the localized coordinates were used to create an eyeball model for the patient using the ocular treatment planning system Varian EYE-PLAN V1.0 (Varian Medical Systems). Thin-slice (0.625 mm) planning CT images were also taken with the patient in the supine position gazing straight forward. The external contour of the bilateral eyeballs, tantalum clips, gross tumor volume, and intraocular structures including the lenses and optic nerves were contoured on the planning CT to create three-dimensional reconstructed images for each patient. The target volume delineation was modeled using the analytic function in EYEPLAN to ensure that it closely matched the panoramic details in fundoscopic images, pretreatment MRI, and reconstructed thin-slice CT images. Static tantalum clip positions were reconstructed on the eye globe as close to the simulation positions as possible. In the planning stage, a gaze direction was selected along the optimal treatment setup to deliver the proton beam and minimize the dose to the optic disc, macula, anterior structures (lens, cornea, and anterior chamber), lacrimal gland, and lids. In the verification stage, the clip positions of the treatment gaze angle were matched with those acquired from the EYEPLAN system. A brass aperture was then manufactured with a 3-mm margin around the tumor. The dose prescription was 60-70 cobalt gray equivalents (CGE) in five fractions. Six early patients were treated with 60 CGE in five fractions, and 70 CGE in five fractions scheme was adopted for subsequent patients. A case of PBT planning in eyeball model of a patient with choroidal melanoma is shown in Fig. 1. 
PBT delivery
At our institution, eye treatment is performed in a fixed beam room using an energy of 230 MeV (Proteus-235, IBA, Louvain-la-Neuve, Belgium). The simulation setup is reproduced using orthogonal X-ray systems with clip positions with < 0.3 mm deviations. The treatment beam was irradiated in single-scattering mode with the eye treatment beam current modulation (BCM) option. In the BCM option, the lateral penumbra was 2 mm and the distal penumbra was 5 mm. The maximum beam range and field radius were 3.5 cm and 3 cm, respectively. The deviation of the beam range and width were within 0.1 mm on the multi-layer ion chamber during the quality assurance procedure.
Our in-house automatic beam gating system utilizes a method of image pattern matching. An initial gaze setup image was taken using the in-room CCD camera. Eye movement was monitored and analyzed in real-time during beam irradiation. If the patient's eye movement exceeded the tolerance (initially set at 1.0 mm), the proton beam delivery was stopped within 10 milliseconds. This system utilizes the same gating signals and beam control circuits with the Real-time Position Management system (Varian Medical Systems). In previous study [20] , the detection accuracy of this system was 0.1 mm, and the mean eye movement was 0.44-0.86 mm for three patients. More detailed descriptions of the beam gating system can be found in the study mentioned above [20] .
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Follow-up evaluation
Patients were routinely followed up after 1 month for acute reactions and every 3 months thereafter after PBT. Ophthalmologic examinations were performed at every visit. Followup orbital MRIs were performed at 3, 6, and 12 months after PBT and annually thereafter for most patients. Complications were graded according to the Common Terminology Criteria for Adverse Events ver. 4.03. Survival curves were generated using the Kaplan-Meier method. The endpoints were local progression-free survival, distant metastasis-free survival, and overall survival. Local progression and distant metastasis were defined as an increase in tumor height of 15% on follow-up USG, according to the definition of recurrence determined by the COMS [21] , and confirmed extraocular disease on MRI or another systemic imaging procedure at follow up, respectively.
Volumetric evaluation
In this study, volumetric evaluations were performed using MIM software (MIM software Inc., Cleveland, OH).
Cancer Res Treat. 2018;50(2):335-344 By Egger et al. [7] ; small: diameter  10 mm and thickness  3 mm, medium: 10 mm < diameter  15 mm and/or 3 mm < thickness  5 mm, large: 15 mm < diameter  20 mm and/or 5 mm < thickness  10 mm, extra large: diameter > 20 mm and/or thickness > 10 mm. 
T2-weighted and contrast-enhanced T1-weighted images were imported into the MIM software. Then, a radiation oncologist contoured the tumor boundary on each thin-slice axial contrast-enhanced T1-weighted image for each patient. Another radiation oncologist reviewed and confirmed the tumor contouring and shape. Retinal detachment was excluded from the tumor volume. Volumetric changes in the tumor were observed by MRI at 3, 6, and 12 months and at the last follow-up. In addition, two groups of patients categorized by tumor volume (small and medium vs. large and extra large), as described by Egger et al. [7] ( Table 1) , were analyzed to determine the difference in regression according to tumor volume. Mann-Whitney tests were used for subgroup analyses.
Results
The patients' characteristics are summarized in Table 1 . The median patient age was 62 years (range, 44 to 85 years). There were similar numbers of male and female patients. The most common chief complaint was a decrease in visual acuity (VA; nine patients, 37.5%), followed by a floater (five patients, 20.8%) and ocular discomfort (four patients, 16.7%). The median basal tumor diameter and thickness were 11 mm (range, 4.4 to 16 mm) and 8 mm (range, 2 to 13 mm), respectively. The ciliary body was involved in two patients (8.3%). Extraocular spreads or optic disc involvements were not found in any of the baseline work-ups. An optic disc distance (ODD) of < 2 from the tumor to the foveal center was seen in seven patients (29.2% ). An ODD of < 2 from the tumor to the optic disc was seen in two patients (8.3%). Localized retinal detachment was observed in eight patients (33.3%). Vitreous hemorrhages were detected in eight patients (33.3%). There were no lymph node metastases or distant metastases.
The median follow-up duration after PBT was 36.5 months (range, 9 to 82 months). Eight patients exhibited localized retinal detachment, of whom seven showed complete resolution and one showed partial resolution. Three patients exhibited disease progression, one of whom had local progression and two of whom developed distant metastases. In the patient with local progression, findings of consecutive submillimeter increases on serial USG, CT, and MRI with floating cells on serial fundoscopy led to suspicions of local progression. The patient was observed closely because of an inconsistency with the COMS definition of local progression. Then, local excision and plaque brachytherapy (54.5 Gy) were performed as salvage treatments at another hospital 18 months after PBT. In the patient's pathologic report of the surgical specimen, mitotic cells were found in less than 1/40 of the high-power field. Currently, after 60 months of follow-up, there is still no evidence of disease. There were two patients with distant metastasis. In a patient, a single liver metastasis was found during systemic work-up followed after detection of mass-like lesion adjacent to extraocular muscle in orbital magnetic resonanc images at 47 months after diagnosis. It was recommended that the patient undergo a tumor-directed biopsy of the orbital apex lesion, but she refused because of fear of vision loss. The patient did not want to continue further treatment because of the low life expectancy associated with liver metastasis. The patient has survived 18 months since her diagnosis of distant metastasis. In another patient with distant metastasis, a single liver metastatic lesion was detected by CT performed at 11 months after diagnosis.
Chemotherapy was recommended. There was no follow up after the diagnosis of distant metastasis. The 3-year local progression free survival, distant metastasis-free survival, and overall survival rates were 95.8%, 95.8%, and 100%, respectively (Fig. 2) .
The treatment-related toxicities are listed in Table 2 . Most of toxicities were mild-to-moderate, but five severe toxicities were noted in four patients. Of these patients, one was enucleated due to late grade 4 NVG. Another patient with acute grade 4 vitreous hemorrhage underwent vitrectomy. The third patient with late grade 3 posterior synechia had increasing intraocular pressure and was treated using laser iridotomy. The fourth patient with grade 3 NVG underwent an intravitreal bevacizumab injection. There was no evidence of recurrence in these patients with severe toxicities. The eyes were all Tae Wan Kim, Proton Beam Therapy for Choroidal Melanoma preserved, except in one patient who developed NVG and was treated with enucleation. Therefore, the 3-year enucleationfree rate was 95.8%. Dose volume histogram parameters of patients with acute or late grade  3 toxicity were summarized in Table 3 .
The percentage of patients with > 20/40 Snellen VA was 41.7% at baseline, which decreased to 16.7% at the final follow-up. A total of 58.3% and 45.8% of patients lost at least three or at least five lines of Snellen VA, respectively. The aspect of visual change is shown in Posterior synechia. By independent t test. Values are presented as number (%).
maintained VA because of the large distance between the tumor and the optic disc. Apart from one patient treated with enucleation due to NVG, volumetric analysis was performed in the remaining 23 patients. All patients started PBT within 2 months of the initial MRI. The mean volume on the initial MRI was 0.565±0.084 mL (range, 0.074 to 1.610 mL). The ratios of the mean volume at 3, 6, or 12 months to that at baseline were 81.8%, 67.3%, and 60.4%, respectively. The ratio of the mean volume reduction on the last follow-up MRI to that on the baseline MRI was 47.6%. The tumor volume exhibited a gradual regression pattern in all patients, except one who experienced local progression after PBT. The volumetric changes in each patient are depicted in Fig. 3 . Regression lines of the large and small tumors are also shown, but there was no statistically significant difference in volumetric regression (p > 0.99). When comparing the groups of more than 50% mean volume reduction vs. not, no statistical difference was found in terms of 3-year local control rate (100% vs. 88.9%, p=0.269) and 3-year distant metastasis free survival rate (100% vs. 88.9%, p=0.130).
Discussion
The objectives of this study were to evaluate the survival, visual outcomes, and complications of patients undergoing PBT in a single institution and quantitatively analyze the changes in tumor volume using MRI volumetry. As described above, enucleation is no longer considered the initial treatment for choroidal melanoma, except when the tumor extends widely into the nearby sclera or extensively involves the ocular volume. Plaque therapy using cobalt-60, ruthenium-106, and iodine-125 has been commonly used worldwide as an eyeball-sparing treatment for choroidal melanoma, and the local control rates were slightly higher compared with those of particle beam treatment [22] [23] [24] . Eye treatment using dedicated beam line PBT has advantages over stereotactic radiosurgery because of sharp lateral and distal penumbra; however, there are problems regarding access to PBT facilities. While our PBT center, as the first in Korea, has treated patients since March 2007, PBT was first used as a dedicated eye treatment in 2009. Although little research has investigated choroidal melanoma in Asia, a retrospective study evaluated ruthenium-106 ( 106 Ru) plaque brachytherapy in Korea, and the serial short-and long-term updated results of a phase I/II Japanese dose-escalation study of carbon ion RT for choroidal melanoma were reported recently [13, 14] . The outcome results of 106 Ru plaque brachytherapy were similar to those in Caucasian patients; however, the 5-year local recurrence rate and the incidence of enucleation were relatively high (16.9% and 25.4%, respectively). The authors suggested that this might be because the radiation dose was insufficient to cover large tumors [11] . In contrast, the 5-year local control and eye retention rates were 92.8% and 92.8%, respectively, in a phase I/II carbon ion RT study that achieved historical results comparable to those of PBT, although patients with relatively large tumors or tumors in an unfavorable location close to the optic disc were included [14] .
Controlling eye movement effectively is one of the most important steps in the delivery of PBT, because patients tend to struggle concentrating their eyes on the fixation light point during the period of beam delivery. Even if the tumor location shifts by a few millimeters, the dose delivered can vary by tens of percentages. Thus, a precise and reliable technique for eye-tracking and an automatic beam gating system would be beneficial. In the current study, an in-house motion-based gated PBT system was used in all patients. A variety of tests for accuracy and safety of eye tracking and gating were done before application to treatment and patient data for eye movement during treatment were acquired for the early 3 patients with PBT [20] . For the first six patients treated in the current study, the dose fractionation was set at 6,000 CGE in five fractions as a learning curve to ensure that the treatment was safe. Thereafter, the fractional radiation dose was safely escalated from 1,200 to 1,400 CGE. The only case of local progression was observed in a patient who received the 1,200 CGE of fractional dose; therefore, it would be difficult to compare the difference in outcomes between 1,200 CGE and 1,400 CGE groups because of the small number of patients treated. Furthermore, no differences in tumor regrowth or metastasis between 1,000 and 1,400 CGE have been reported [5, 6, 18, 25] . Although only a small number of patients were included, the current data revealed that PBT achieved an excellent local control rate and eyeball-sparing capability in an Asian population with choroidal melanoma. The results were comparable to those of a larger series of Western PBT patients [5] [6] [7] [26] [27] [28] [29] and carbon ion RT studies [29] .
We used Common Terminology Criteria for Adverse Event (CTCAE) ver. 4.03 to evaluate the toxicity after treatment in our study, but the interpretation of 3-4 grade toxicity in choroidal melanoma would be different from in other solid organ malignancies, given that the most severe treatment-related toxicity is regarded as enucleation, not death. Because it is difficult to evaluate the toxicity after RT, with various tumor-related and treatment parameters to be considered together, there is no established scoring system in choroidal melanoma yet [30] . As suggested in many other studies, NVG is one of the most troublesome complications associated with the treatment of choroidal melanoma and the most common cause of enucleation [5, 6, 21, 26, 27, 31] . Some investigators suggested the presence of rubeosis iridis as a marker of severe ocular damage, which can result in subsequent enucleation [32] . Increased intraocular pressure developed in seven patients (29.2%) in the current study, but only two (8.4%) experienced severe NVG, superior to other PBT reports [5, 6, 18, 19] . All of five acute or late grade  3 toxicities developed in four patients with rather huge-sized choroidal melanoma with 1.3 mL of average gross tumor volume (vs. 0.9 mL in others). One patient underwent enucleation, but the other patients are stable and managing their own lives relatively well after minor interventional procedures. Of note, the incidence of rubeosis iridis and NVG is 29.2% in our study was comparable to other studies of PBT with 25%-45% [5, 6, 18, 19, 32] . Other complication profiles were also comparable, but long-term follow up is needed. Although the precise relationship between irradiation to anterior chamber and the development of NVG is not clear, the amount of lens or anterior chamber volume, or ciliary body volume in eye model is considered the important parameter in PBT planning [27] . Lens volume or ciliary body receiving at least 30 CGE was suggested as an independent prognostic factor for enucleation in a retrospective study, but there is also no consensus guideline about this.
The strongest predictor of visual prognosis is known to be the location of tumor relative to fovea and optic disc [33] [34] [35] . Although the anterior chamber dose and optic disc or fovea dose can directly affect the risk of NVG and the vision loss in such a large dose per fraction in RT for choroidal melanoma, which is a basic priniciple of radiation oncology, there is no dose constraint guideline for anterior chamber, optic disc and fovea in the PBT planning. Avoiding the risk of NVG with decreasing the dose to anterior chamber sometimes significantly increases optic disc or fovea dose. In various studies assessing visual outcomes after treatment [6, 26, 36] , the visual loss of more than three and five lines of Snellen VA occurred in ~45% and ~25% of patients, respectively. The visual outcomes in the current study seem slightly worse than those in previous studies. However, it should be considered that the most important predictor of visual outcome after RT would be more closely related with the location of the tumor relative to the optic disc and fovea rather than treatment factors. Also, the relative priority of preserving the eyeball should be considered during the planning stage of PBT, particularly in cases of conflict when weighing the risks between NVG and VA reduction, i.e., the anterior chamber versus the optic disc or fovea. Therefore, a meaningful analysis of the visual outcome after PBT might also be difficult in the present study.
The volumetric evaluation of choroidal melanoma was also an issue evaluated in the current study. A gradual pat-Tae Wan Kim, Proton Beam Therapy for Choroidal Melanoma tern of short-term tumor regression was also found, similar to the findings of Russo et al. [16] . However, there was no significant difference in volume regression according to tumor size. There also was no significant difference between the groups of more than 50% versus not in terms of clinical outcome of local control rate and distant metastasis free survival in our study. Considering that the events of any disease progression were relatively rare in our study and especially, distant metastasis in choroidal melanoma might be quite a late process of more that 15-20 years [37] , a study of longer term follow-up with a large number of patients could answer the question of the association between the degree of regression after proton therapy and the survival outcome. The current COMS definition of tumor recurrence is based on the two-dimensional length of the tumor determined by USG [15] , and the use of orbit MRI is also expected to be helpful during the short-term follow-up period.
There were some limitations to the current study. First, it was a retrospective study involving a small number of patients, and the relatively short follow-up period was not sufficient for the natural course of choroidal melanoma after treatment. Nevertheless, the results are meaningful, because they provide rare evidence of PBT for choroidal melanoma in Asia and reveal similar outcomes to those performed in Western countries.
In conclusion, PBT achieved a local control rate in Korean patients with choroidal melanoma that was comparable with those in previously reported PBT series. PBT also had an acceptable toxicity, comparable with those in Western countries.
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